ABSTRACT The full-space metasurface generally integrates the functions of traditional reflection and transmission metasurfaces. In this paper, a meta-film with ring slot is used to reflect and propagate completepolarization waves with lower and higher frequency bands, respectively. Then meta-atoms can be placed up and down of the ring slot to achieve different functions of reflection and transmission. As a verification of this concept, reflection-mode with the function of radar cross section reduction is implemented by using chessboard meta-atoms while the transmission-mode with deflection function is obtained by using geometric elements. Our findings provide a way of designing full-space metasurface with complete-polarization control.
I. INTRODUCTION
Over the decade, the emergence of metamaterials [1] - [3] has opened up many possibilities for electromagnetism due to their peculiar equivalent permittivity and permeability that were not found counterparts in the nature. Normally, metamaterials are constructed in three-dimension, which bring about some inconveniences like high profile, huge volume and difficult conformal. However, MSs [4] - [9] which show up the excellent traits of low insertion loss and sub-wavelength scale, can overcome these drawbacks.
In the practical application of the communication system, it is often required that the MS has multiple working states to cope with various application situation. The common method is to introduce some tuneable devices like PIN-diode [11] , [12] , transistor [12] , MEMS [13] to control the amplitude and phase of every meta-atom, aiming at achieving different weird electromagnetic properties. However, extra loss is usually introduced, so the parts of AC and DC must be isolated and then complicated control systems are designed. Therefore, one simple method of using a single passive plate to achieve a variety of electromagnetic functions receives much attention. For single transmitted MS or reflected MS, researchers have achieved diverse functions in different frequencies [14] , [15] or polarizations [16] .
The associate editor coordinating the review of this manuscript and approving it for publication was Haiwen Liu. Recently, researchers have further found that MSs can work in full-space with refection-mode and transmissionmode [17] - [19] , which greatly extends the scope of application of passive multifunctional MS.
In this paper, a full-space metasurface (FS-MS) design method is proposed, as shown in Fig. 2(b) . And we choose two functions (F 1 , F 2 ) to proof the method, including polarization beam deflection for circularly polarized (CP) wave and broadband RCS reduction for linearly polarized (LP) wave, as shown in Fig. 1 . We divide FS-MS into transmission and reflection areas and design them separately by adopting different theories. In reflection area, two unitcells are designed to construct artificial magnetic conductor (AMC) [20] , which is commonly used to achieve broadband RCS reduction. The FS-MS consists of reflection part and transmission part, which can simultaneously work in reflection mode and transmission mode. Concretely, it realizes broadband RCS reduction at lower frequency (5.9GHz-10.1GHz) and CP deflection at higher frequency ). The systematic method of designing unlocks two space modes, which enables efficient integration of MS in different spatial working modes, resulting in more functionalities.
As far as the FS-MS is concerned, it not only prevents the incoming wave of unwanted frequencies from passing through like FSS, but also can drastically reduce its RCS by scattering the beam. 
II. CONCEPTUAL ILLUSTRATION AND THE ELEMENTS DESIGN
As shown in Fig. 2(b) , the mind map shows the general design method of FS-MS, where A R is reflection amplitude, A T is transmission amplitude and ψ is reflection phase difference. FS-MS elements can be divided into two working parts, reflection part and transmission part. First, we precisely design the reflection part, which not only needs to satisfy the reflection requirement ( ψ = 143 • ∼ 217 • , A R ≈ 1) but also has little influence on the transmission part. Then Pancharatnam-Berry (PB) meta-atom with high transmission coefficient is designed. In other words, the reflection part is just like a window which only allows transmission-type electromagnetic waves passing through. Next, we will design reflection-mode unit and transmission-mode unit respectively along the method above.
A. REFLECTION-MODE UNITS AND THEROY
On the one hand, reflection-mode unit be designed need to satisfy both conditions, which are 100% transmission and the specific range of ψ. Firstly, the two reflection-mode units are just called R0 and R1 for the sake of simplicity, are distributed as a complementary-like circular pattern, both of which can be broken up into three parts as ''TOP-AND-GROUND''(TAG). The top layer of the patch structure is simplified to be equivalent to capacitance (C-type) and the ground with slot can be considered as an inductor (L-type). Furthermore, the medium AND between them is regarded as transmission line. Actually, TOP layer and GROUND layer can be equivalent to L t -C t series circuit and L g -C g parallel circuit respectively, just because other equivalent components, displayed as the gray parts in Fig. 3(b) , are of little significance that they can be ignored. Hence, we can connect them in parallel as a resonant circuit. The equivalent impedance of R0 and R1 meta-atoms is Z 0 and Z 1 , which should be equal to each other by elaborate parameter optimization to match the impedance of free-space ζ , then both units can achieve 100% transmission at the same operating frequency, as illustrated in Fig. 3(c) . Here, we define a cartesian coordinate system (x, y, z) and the xoy plane is parallel to the MS plane, while -z direction is the propagation direction of the free space wave vector k. k = ω √ ε 0 µ 0 is also called the wavenumber, where ω is the angular frequency, ε 0 is the free space permittivity and µ 0 is the free space permeability. Thereinto, ζ = √ ε 0 µ 0 is free-space impedance. Secondly, we optimized the parameters of TAG of both R0 and R1 with Z 0 = Z 1 , which make them the difference of reflection phase is 180 • . The real scattering surface performance can be calculated and predicted by using the method of array antenna pattern synthesis [21] . Usually, we need to reduce the backward RCS by over 10dB than that of the equal VOLUME 7, 2019 size metal plate, therefore the following relationship should be satisfied:
where DRCS represents the difference value between metal and AMC array, while − → E 2 AMC and − → E 2 metal are the reflected electric field intensity of AMC and metal. E-field is observed in far-field. Then we can gain the required bandwidth of '0' and '1' elements re flected phase difference and it is the same as the bandwidth of 10dB RCS reduction, which can be described as Eq. (2) 180
Therefore, we get a basic constraint for designing chessboard elements that the phase of two units should be limited to a range of 143 • to 217 • . As seen in Fig. 4(a) , the ψ is implemented at 5.9-10.1GHz ( relative bandwidth 52% ) and the reflection amplitudes of the R0 and R1 reflection mode units are both greater than 0.92.
From the above discussion, we can generate a full transmission situation at the right place and frequency, which is just like normal propagation. Furthermore, when the electromagnetic wave enters into the transmission working area, it needs a buffer. It takes a certain distance to reform the plane wave to be multi-slot diffraction. We call it the buffer area as shown in Fig. 4(b) , whose dielectric is air. In Fig. 4(c) , the uneven fluctuation of electric field distribution on xoz-plane proves the existence of buffer area.
As demonstrated in Fig. 3(a) , the thickness of each area set as h t = 3mm, h a = 2.5mm and h b = 1.5mm (0.08λ 0 ) , and the substrates of reflection and transmission area are F4B (dielectric constant ε rb = 2.65 and loss tan(δ r ) = 0.003) and PI (dielectric constant ε rt =4.1 and loss tan(δ t ) = 0.001), respectively. So the total thickness of FS-MS meta-atom is 7mm, which equals to its period p. Other parameters are 
B. TRANSMISSION-MODE UNITS AND THEROY
On the other hand, the design of transmission-mode unit needs to satisfy the PB phase, which can high-efficiently transmit cross-polarized CP waves. Here, we gain the transmission matrix T , which can be represented as:
where θ is the angle between the symmetrical axis of transmission-mode unit and x-axis as shown in Fig. 5(a) . For CP wave impinging along -z-axis,which regarded as reference direction, the Jones vector can be expressed as:
where E IN (r, θ) is field of input and σ = ±1. + and − represent LCP and RCP. Then, we get field of output from Eq. (3) and Eq. (4)as follows:
Here, we note that the output field obtains an additional phase ϕ = 2σ θ, in addition to the chirality of CP is reversed. So we can easily construct the gradient phase through the PB phase theory, so as to realize the beam split of CP wave. According to generalized Snell's laws (GSL) of transmission [22] , be shown as in Eq. (6).
Then θ t can be derived as:
where λ 0 is free-space wavelength and dφ x dx is phase gradient. We just construct linear gradient along the x-axis.
A transmission unit is designed simply as Tr, derived from the classic H-shape deformation, as shown in Fig. 5(a) . We can clearly see from the PB theory introduced above that ϕ the rotation angle of the unit and θ the phase difference will form a good double relationship with LCP impinging in Fig. 5(b) . At the same time, the reflection amplitudes of the two units are both above 0.92. In the case of Tr unit and FS-MS unit, it can be concluded that the reflection mode unit has no influence on the amplitude of the transmission. Then, we use eight units with different rotation angles to form a complete phase coverage of 360 • , and it only needs to rotate each gradient counter-clockwise by 0 • , 22. Notably, two design mechanisms have good isolation by selecting the appropriate elements to make the rotation of Tr as isotropic as possible. Therefore, we choose some circular and annular structures to form the reflection part is constructed by the circular or annular structure, which allows us not to consider the influence of the rotation angle on the reflection mode unit here for there is no rotational displacement is generated
C. FS-MS ELEMENTS
Then, R0 and Tr are cascaded to form Element '0' while R1 and Tr are cascaded to form Element '1'. As can be seen from Fig. 5(c) , the amplitude of reflection A R > 0.92, and the amplitude of transmission A T > 0.8 in 15.5-15.7GHz. At 15.6GHz, the A T reaches a maximum of 0.9. Therefore, FS-MS is divided into reflection mode and transmission mode, and they work independently of each other. For two different '0' and '1' elements, they produce a fixed phase difference of ϕ = 114 • . We compensate the phase by rotating Tr by θ = 1 2 φ = 57 • , as shown in Fig. 6(b) , so that the total phase is consistent for constructing the deflection phase gradient.
III. NUMERICAL AND EXPERIMENTAL RESULTS
When designing an AMC unit, the reflection phase of the AMC unit is usually calculated using infinite period boundary conditions, but the actual AMC chessboard MS is composed of a mixture of two AMC units. The actual boundary conditions of the unit and the simulation settings are different, which can be reduced in the AMC subarray method. The FS AMC subarray is composed of a same AMC reflectionmode units and a transmission-unit with phase gradient.The element number of the subarray here is 8 × 8 and the subarray number is 4 × 4. The simulation and measurement results can be obtained from Fig. 6(b) . When the plane wave irradiates onto the surface, it is evenly dispersed into four directions of spatial symmetry, thereby reducing the backward RCS. The 10dB RCS reduction bandwidth is 5.9-10.1GHz, consistent with the theoretical bandwidth, and the relevant bandwidth is 52%.
Then, we use x-and y-polarized plane waves to impinge onto. In detail, the beam can be scattered to four directions with a projection angle of 45 • , 135 • , 225 • and 315 • on the xoy-plane, thus greatly reducing the backward RCS, as shown in Fig. 6(a) . In Fig. 7(c) and (d) , both simulated and measured results illustrate that backscattered RCS is considerably suppressed (20dB lower than PEC) in comparison with a same-sized metallic plate at 6.7GHz and 9.3GHz. Meanwhile, the two double-ridged horn be applied to irradiate the FS-MS, and their distance satisfied the condition of far-field, as can be seen from Fig. 7(b) .The air buffer layer in the middle of the two areas is separated by a dielectric screw with an equal dielectric constant to insulate the front and back prototype of the fabricated MS.
For one thing, when the angle difference ( θ) of elements is 22.5 • at the 15.6GHz, the theoretical singular deflection angle θ t = ± arcsin λ 0 2π dφ x dx = ±20.1 • can be obtained along the -z direction. The simulation angle is θ − t = +20.8 • , when the incidence is LCP wave, which agrees with the theoretical angle as plotted in Fig. 7(e) . For another thing, FS-MS can also produce the same deflection effect on electromagnetic waves from the opposite direction and deflection angle along the +z directionθ + t = −20.9 • , as shown in Fig. 7(f) . Under above two conditions, the calculating efficiencies are both above 85%. In addition, as demonstrated in Fig. 7(a) , we respectively test the cross-polarization effect of circular polarization (RCP/LCP horn receiving and LCP/RCP horn impinging) in the transmission mode, and test the reverse incidence at 15.6 GHz. It can be concluded that our design of FS-MS for CP waves also has excellent performance. 
IV. CONCLUSION
In summary, we have found a general method for designing FS-MS that predictably regulates both electromagnetic waves in the reflection mode and transmission mode, and the two working areas do not interfere with each other. In other words, the use of MS can achieve independent control of complete-polarized waves in full-space. As a verification of the strategy, a sample is design to achieve reflected function of broadband RCS reductions with complete-polarization as well as transmissive function of deflection with CP waves.
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